Metabolomics is the most reliable analytical method for understanding metabolic diversity in single organelles derived from single cells. Although metabolites such as phosphate compounds are believed to be localized in different organelles in a highly specific manner, the process of metabolite compartmentalization in the cell is not thoroughly understood. The analysis of metabolites in single organelles has consequently presented a significant challenge. In this study, we used a metabolomic method to elucidate the localization and dynamics of 125 known metabolites isolated from the vacuole and cytoplasm of a single cell of the alga Chara australis. The amount of metabolites in the vacuole and the cytoplasm fluctuated asynchronously under various stress conditions, suggesting that metabolites are spatially regulated within the cell. Metabolite transport across the vacuolar membrane can be directly detected using the microinjection technique, which may reveal a previously unknown function of the vacuole.
Introduction
Metabolites are believed to be highly compartmentalized within cellular organelles, because many enzymes involved in metabolite conversion show organelle-specific localization. Metabolite levels not only differ in individual organs, cells, and organelles but also fluctuate in response to developmental stages and environmental conditions. Metabolite levels are critical regulators of fundamental biological processes such as growth, differentiation, and defense responses. Therefore, the analysis of the temporal and spatial resolution of metabolites is important for elucidating their physiological functions within organisms (Ebert et al., 2010; Saito and Matsuda, 2010) . However, analysis of the spatial resolution of metabolites at the single cell/organelle level remains a technical challenge. Phosphate compounds such as sugar phosphates, nucleotides, and coenzymes are believed to be localized in the cytoplasmic region or the nucleus, because both biosynthetic and metabolic enzymes for phosphate compounds are annotated as cytoplasmic region or nuclear proteins. For example, glycolytic pathway enzymes are annotated as cytosol proteins. However, the intracellular distribution of phosphate compounds has not yet been confirmed.
Although subcellular metabolite distribution has been measured by various techniques, non-aqueous fractionation is one of the most promising approaches for studying metabolite compartmentalization (Wirtz et al., 1980; Gerhardt and Heldt, 1984; Farré et al., 2001; Willigen et al., 2004; Benkeblia et al., 2007; Krueger et al., 2009; Wienkoop et al., 2010) . In the non-aqueous method, two non-aqueous solvents are used for extraction and separation of subcellular components by a density gradient, and fractionated samples and enzyme markers can be subsequently assayed to determine the subcellular distribution of metabolites. Although this technique is superior to and more versatile than many other such techniques, the purity of the target organelles in isolated fractions remains a problem. Moreover, multiple cells are required in the non-aqueous method. In contrast, metabolites derived from a single vacuole can be isolated from a single Chara australis cell. Subcellular isolation techniques using microscopy have also been developed for organelle www.plantphysiol.org on July 15, 2017 -Published by Downloaded from Copyright © 2011 American Society of Plant Biologists. All rights reserved. 6 metabolomic studies. For instance, Mizuno et al. (2008) used a nano-electrospray ionization tip acting as a micropipette under a microscope to isolate the molecular content from the cytoplasm of a live single cell, which was then examined by mass spectrometry. Although this technique may become an important method with future technical advances, it is presently impossible to apply this technique to all subcellular components, because we lack the spatial resolution of the laser micro-dissection method (Faulkner et al., 2005; Schad et al., 2005; Fiehn et al., 2007; Matsuda et al., 2009 ). An internodal cell of C. australis is currently the only source of a pure single vacuole from a single cell.
In this study, we determined the localization and dynamics of metabolites in the vacuole and cytoplasm of a single cell. In our isolation method, a single cell was separated into two fractions: a single vacuolar solution and what was referred to as the "cytoplasm," which included plastids, mitochondria, nuclei, the endomembrane system, and the cell wall. We used a metabolomic approach based on combined capillary electrophoresis-mass spectrometry (CE-MS) to investigate the metabolomics of a single organelle using a giant internodal cell of C. australis. CE-MS is a useful analytical method for detecting ionic metabolites such as amino acids, organic acids, nucleotides, and sugar phosphates (Monton and Soga, 2007; Ramautar et al., 2009; Klampfl, 2009; Poinsot et al., 2010) . The giant internodal cell of C. australis can grow to an approximate length of 20 cm and a volume of 50 μL. Because of their large size, internodal cells of the Characeae family have been widely used in studies on membrane physiology and cytoplasmic streaming (Shimmen and Tazawa, 1982; Tazawa et al., 1987) . Compared to embryophyte vacuoles, the vacuole of C. australis has a simpler structure and a single cylindrical vacuole within a single cell. In this study, we used this unique cell to determine the metabolome of a single vacuole and the cytoplasm, thereby leading to the clarification of the metabolite distribution in a single cell. 
Results

Vacuoles and cytoplasm were successfully isolated from C. australis cells
Single vacuoles and cytoplasm were isolated from internodal cells of C. australis, taking care to avoid contamination of the fractions. To confirm the purity of the isolated vacuolar and cytoplasmic solutions, the activities of two marker enzymes (α-mannosidase, a vacuolar enzyme, and malate dehydrogenase, a cytoplasmic enzyme) (Lin and Wittenbach, 1981; Saunders and Gillespie, 1984) were determined for each fraction. α-Mannosidase and malate dehydrogenase activities were 14.5
(1.41) / 1.07 (1.85) and 0.083 (0.079) / 58.8 (15.6) (averages (standard deviations) of three replicates of vacuole / cytoplasm) pmol·min -1 ·mL -1 of each fraction, respectively. These results indicate successful isolation of high-purity vacuolar and cytoplasmic content (99.9% and 93.1%, respectively), and these purification efficiencies were similar to those reported previously (Sakano and Tazawa, 1984) . α-Mannosidase activity was recently found in the Golgi apparatus of Arabidopsis (Liebminger et al., 2009) , suggesting that the low amount of α -mannosidase activity detected in the cytoplasm may be either from the left-over vacuole on the inner vacuole membrane or from the Golgi apparatus. The vacuolar solution isolated by a similar method reportedly did not include the activity of latent inosine diphosphatase (a marker enzyme of the Golgi apparatus) (Takeshige et al., 1988) , and Golgi apparatus contamination of the isolated vacuolar fraction in this study was minimal.
Cellular metabolites were located separately in the vacuole and cytoplasm
To examine fluctuations in metabolite levels in the vacuole and the cytoplasm of a C. australis internodal cell under different light conditions, fractions were collected from a single cell at seven time points during a 12-h light/12-h dark cycle (0, 3, 6, 12, 15, 18 , and 24 h after lighting). We detected 125 metabolites within a single vacuole and cytoplasm from a C. australis internodal cell 8 using a CE-MS-based metabolomic analysis system. Amounts of identified metabolites at each time point were standardized (z score) to relative amounts and classified by hierarchical cluster analysis (HCA) (Fig. 1) . HCA clearly indicated that the metabolites separated into two clusters according to their preferential localization properties: vacuole-type metabolites and cytoplasm-type metabolites (Fig. 1) . The average ratio of metabolite compartmentalization in a cell is shown in Figure S1 .
Overall, 11 and 26 different metabolites were found in the vacuolar and cytoplasmic fractions, respectively, whereas other metabolites were detected in both fractions at specific ratios. HCA also demonstrated vacuole-type and cytoplasm-type separation of metabolites corresponding to unidentified peaks detected using CE-MS analysis (data not shown). We also used liquid chromatography-mass spectrometry metabolomic analysis (Matsuda et al., 2009 ) on a C. australis vacuole and cytoplasm. Although secondary metabolites were not identified, most peaks were classified into vacuolar or cytoplasmic type by HCA (data not shown), indicating that metabolites within an individual cell are compartmentalized at the organelle level. Although organelle-specific compartmentalization is often viewed as a common sense assumption, this is the first study to confirm such compartmentalization of comprehensive metabolites in a single cell.
Differences in the hydrophobicity of amino acids affected their spatial distribution in a cell
HCA showed that amino acids were classified into vacuolar and cytoplasmic clusters according to their hydrophobicity ( 
Metabolites with similar chemical properties showed similar fluctuations in a cell
Metabolites in cluster 1 (blue in Fig. 1 ) were found predominantly in the vacuole at all time points.
Cluster 2 (light blue) included metabolites that were mainly localized in the vacuole but also found in the cytoplasm during certain light conditions. In contrast, metabolites that were classified into clusters 3 (orange) and 4 (red) were abundant in the cytoplasm. However, metabolites in cluster 3 were also detected in vacuolar fractions. The HCA showed side-by-side classification of metabolites with similar chemical properties: citrate and isocitrate (cluster 1), Asn and Gln (cluster 3), and Glu and Asp and NAD and NADP (cluster 4). In addition, aliphatic amines such as octylamine were clustered into vacuolar-type metabolites, and nucleotides and sugar phosphates were located nearby.
These results demonstrate the synchronized fluctuations of several metabolites with similar chemical properties in a single cell.
Phosphate metabolites showed intracellular localization
Most phosphate metabolites were localized in the cytoplasm (clusters 1 and 2 in Fig. 2 ).
Coenzymes, UDP-sugars, and sugar phosphates, whose levels could be regulated by cytoplasmic homeostasis, were classified in cluster 1 (red). Cluster 2 (orange) consisted of various metabolites that were detected in minute amounts. Although these metabolites did not show a set pattern in their fluctuations, they were definitely cytoplasm-type metabolites. In contrast, 2-N-acetylglucosamine phosphates were classified as vacuole-type metabolites (cluster 3 in Fig. 2 ). Sugar phosphates were detected in vacuoles, especially under dark conditions (Fig. S2 ).
Environmental conditions influenced the spatial fluctuations of metabolites in a cell
To assess the assumption that the localization and fluctuation of metabolites are differentially regulated depending on metabolite variety, metabolite levels were examined under various environmental conditions. Continuous light and dark conditions were found to affect cell metabolite www.plantphysiol.org on July 15, 2017 -Published by Downloaded from Copyright © 2011 American Society of Plant Biologists. All rights reserved. levels (Fig. S3 ). For example, fumarate levels in the vacuole and cytoplasm increased under continuous light conditions and decreased under continuous dark conditions (Fig. 3) , whereas citrate levels decreased under continuous light conditions and increased under continuous dark conditions (Fig. 3) . Cytoplasmic gluconate levels did not change under continuous light conditions but decreased under dark conditions, whereas vacuolar gluconate levels decreased under continuous light conditions and did not change under continuous dark conditions (Fig. 3) . CO 2 deficiency altered the concentration and localization of metabolites in single C. australis cells (Fig. S4) . Cellular succinate levels decreased in the absence of CO 2 , but cytoplasmic levels were unchanged (Fig. 4) .
Asparagine levels increased only in the cytoplasm (Fig. 4) . The ratio of vacuolar and cytoplasmic threonine levels was altered, although cellular levels were not altered. Heat stress also influenced cellular metabolite levels (Fig. S5 ) by increasing cytoplasmic leucine levels and increasing both cytoplasmic and vacuolar arginine levels (Fig. 5) . These results suggest that metabolite levels are regulated separately in intracellular compartments.
The microinjection technique enabled the direct detection of metabolite transport across the vacuolar membrane
Metabolite transport across the vacuolar membrane was directly detected in C. australis internodal cells using the microinjection technique. Proline labeled with stable isotopes was injected into a vacuole of a C. australis internodal cell under a microscope, and vacuolar and cytoplasmic levels of labeled proline were quantified. Although proline was largely localized in the vacuole immediately after injection, approximately 78% was detected in the cytoplasm 24 h after injection.
This vacuole-cytoplasm ratio is similar to that of the C. australis internodal cell under normal conditions (Table S1 ). Because the proline-injected cell remained alive after injection, which was confirmed by the observation of cytoplasmic streaming, labeled proline must have been transported from the vacuole to the cytoplasm without vacuolar membrane disruption. This result suggests the existence of a regulated transport system that maintains cytosolic proline at desired levels.
Discussion
Our method to isolate vacuoles has several advantages over other methods such as the perfusion method, which is also a superior method for isolating a pure, single vacuole from a single cell (Sakano and Tazawa, 1984) . However, the perfusion method is more time consuming than our vacuolar isolation method, because perfusion must be conducted carefully to prevent metabolite movement across the vacuolar membrane during isolation, which would result in misleading metabolomic results. On the other hand, vacuolar solution can be isolated in approximately 10 s after loss of turgor pressure by our method. In addition, because metabolomics analysis of a single cell is necessary for understanding the physiological properties of neighboring cells at the metabolite level, our method requiring a single cell allows better high-resolution analysis compared to methods, such as non-aqueous extraction, requiring multiple cells. Therefore, our method is suitable for the isolation of a single vacuole from a single cell.
The cluster data in Figure 1 was projected onto a metabolite pathway map (Fig. 6) . We found that metabolites in the glycolytic pathway, pentose phosphate pathway, and urea cycle were mainly localized in the cytoplasm. This suggests that the continuous reactions of these pathways occur in the cytoplasm and that there is no storage in the vacuole. On the other hand, most metabolites at the end of these pathways were detected in vacuolar-type clusters (Fig. 6) , suggesting that the final biosynthesis products in cells are stored in the vacuole.
To understand the effect of metabolite fluctuations on central metabolism, the time course results of metabolites were projected onto the glycolytic pathway, pentose phosphate pathway, and tricarboxylic acid cycle (Fig. S2) (Tazawa et al., 1987) . Because Characeae algae are closely related to higher plants (Turmel et al., 2003) , the C. australis cell used in this study is an inviting possibility for plant biologists. Moreover, our method for subcellular isolation using C. australis cells is superior to pure vacuole preparation from a single cell. Further analyses of C. australis internodal cells could clarify vacuolar functions and characterize membrane transporters in order to establish C. australis as a model organism for modern biological studies at the single-cell level. detailed description of the CE-MS analysis conditions, including data processing, is described in the supporting information.
Materials and Methods
Metabolomic methods
Enzyme assay
α-Mannosidase and malate dehydrogenase activities were assayed as marker enzymes for the vacuole and cytoplasm fractions, respectively (Beers et al., 1992; Funk et al., 2002) . PNP-α-Man was used as a synthetic substrate for the α-mannosidase assay. Vacuolar and cytoplasmic solutions (30 μL) were individually added to 50 μL of 5 mM PNP-α-Man solution and 295 μL of 100 mM citrate buffer (pH 5.6). After incubation at 37°C for 1 h, the reaction was stopped by adding 750 μL of 200 mM NaCO 3 solution. The absorbance of the released PNP was measured at a wavelength of 405 nm. Malate dehydrogenase assays for vacuolar and cytoplasmic fractions were performed using final concentrations of 50 mM HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.5], 350 μM NADH, and 1 mM oxaloacetate. Enzymatic activities were determined from the absorbance changes at 340 nm following the addition of sample fractions.
Microinjection
Stable isotope-labeled proline (L-proline U-13C5, 98%; 15N, 98%; Cambridge Isotope Laboratories Inc., http://www.isotope.com) was injected into the vacuoles of C. australis internodal cells under an inverted microscope using a braking micropipette (Hiramoto, 1974) . The vacuoles and cytoplasm were isolated, extracted, and analyzed as described above. Hierarchical cluster analysis (HCA) based on changes in metabolite amounts at different time points under changing light conditions. Metabolite levels were subjected to HCA after standardization (z-score). HCA revealed that metabolites could be divided into two major clusters consisting of vacuole-type metabolites and cytoplasm-type metabolites. These clusters were again divided into two respective clusters: cluster 1 (blue), 2 (light blue), 3 (orange), and 4 (red). The yellow and blue colors correspond to high and low relative metabolite amounts, respectively.
Figure 2
HCA based on changes in phosphate metabolite amounts at different time points under changing light conditions. Metabolite levels were subjected to HCA after standardization (z-score). Phosphate metabolites were divided into three major clusters consisting of cytoplasm-type metabolites (clusters 1 and 2) and vacuole-type metabolites (cluster 3). The yellow and blue colors correspond to high and low relative metabolite amounts, respectively. 
Vacuole Cytoplasm Hierarchical cluster analysis (HCA) based on changes in metabolite amounts at different time points under changing light conditions. Metabolite levels were subjected to HCA after standardization (z-score). HCA revealed that metabolites could be divided into two major clusters consisting of vacuole-type metabolites and cytoplasm-type metabolites. These clusters were again divided into two respective clusters: cluster 1 (blue), 2 (light blue), 3 (orange), and 4 (red). The yellow and blue colors correspond to high and low relative metabolite amounts, respectively. Vacuole Cytoplasm
HCA based on changes in phosphate metabolite amounts at different time points under changing light conditions. Metabolite levels were subjected to HCA after standardization (z-score). Phosphate metabolites were divided into three major clusters consisting of cytoplasm-type metabolites (clusters 1 and 2) and vacuole-type metabolites (cluster 3). The yellow and blue colors correspond to high and low relative metabolite amounts, respectively. Metabolic pathway map. Circles represent a single metabolite and circle colors correspond to those in Figure 1 : cluster 1 (blue), 2 (light blue), 3 (orange), and 4 (red). Grey circles represent metabolites that were not detected in this study or are not annotated because of lack of standard compounds. Metabolites shown in the lower right frame could not be projected onto known metabolic pathways.
